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Response of sedimentary basin to obliquely incident SH waves  
 
Chuanbin Zhu · David P. Thambiratnam · Jian Zhang 
 
Abstract This research studies the impact of the incident angle of SH waves on the seismic 
response of two-dimensional sedimentary basins by using a nonlinear method. At first Ricker 
wavelet is input for a detailed analysis, followed by a statistical analysis based on a total of 100 
real earthquake motions recorded at rock sites. The results show that the incident angle has a 
significant implication on the basin ground motion. First, the incident angle affects the short-
period components more than the long-period ones of the spectral response acceleration, but the 
dominant period of the spectral response acceleration is insensitive to incident angle and location. 
Second, the MDIA of a basin is not necessarily 0° (vertical incidence) but in the range of 
approximately 0° to 30°, and hence due attention should be paid to the influence of incident angle 
in seismic response analysis. Third, basin central areas are seismically preferable to edge regions 
for short-period buildings located on the basin, while, for long-period buildings, the edge areas 
become preferable. However, with the increase in incident angle, the difference between edge and 
central areas diminishes gradually. Finally, given that the dimensions of a basin are perceivable to 
incidence waves, the slope angle has a considerable impact on the PGA distribution pattern by 
controlling whether or not peak appears in the edge area. The MDP is most likely to be in the edge 
area of a basin with small slope angle when subjected to excitation with small incident angle 
(including vertical incidence). 
Keywords Incident angle · Sedimentary basin · Seismic response · SH waves. 
1 Introduction 
The seismic response of a site is affected by many factors, such as the source characteristics, propagation path and 
local site conditions. Among all these factors, local site conditions have a particularly significant impact on site 
response (Borcherdt 1970). They may cause significant amplification of ground motion and concentrated damage 
during an earthquake (Paolucci et al. 1999; Assimaki et al. 2003; Assimaki and Gazetas 2004). Geotechnical 
engineers and seismologists call this phenomenon “site effects”. 
For many years, basin effects (Rovelli et al. 2001; Semblat et al. 2002; Choi et al. 2005) have been recognized by 
researchers as a common type of site effects. For example, basin ground motion amplification was observed during 
the 2010 Christchurch earthquake (Cubrinovski and Green 2010). The seismic response of a basin depends on the 
characteristics of both the basin (including its geometrical and the mechanical parameters) and the input motion (such 
as the incident angle, amplitude, spectral characteristic and duration) regardless of the effects of the source and path. 
Several researchers have extensively investigated the effects of different parameters on the seismic response of a 
sedimentary basin or valley. This includes studies on the following parameters: nonlinear soil property (Gelagoti et al 
2012; Zhang and Zhao 2008), filling ratio (Gatmiri and Foroutan 2012), impedance contrast (Gatmiri and Foroutan 
2012), resonance (Bard and Bouchon 1985; Thomas et al. 2003), conversion of body waves to surface waves at the 
edge of basin (Brian et al. 2003) and shape ratio  (Gelagoti et al. 2012). In most of the above studies, only vertical 
incidence was considered due to the wave refraction effect in normal soil layers with wave velocity increasing with 
depth. However, seismic waves can reach the ground obliquely as a result of the complexity of the propagation path 
(Sigaki 2000) or other factors. Hence, it is significant to study the seismic response of a sediment-filled basin or 
valley subjected to obliquely incident waves (Masui and Midorikawa 2007; You et al. 2009).  
This research investigates the impact of incident angle on basin response thoroughly by utilizing a two-
dimensional (2D) time-domain nonlinear code developed by Joyner (1975) and Marsh (1992). Two parts constitute 
this investigation. In the first part, basins were excited by Ricker wavelets, and the effects of incident angle on peak 
ground acceleration (PGA) and spectral response acceleration (SRA) were investigated in details. In the second part, 
100 real seismic records were used as excitations and each of them was input with incident angles ranging from 0 to 
90. A total of 2000 cases were calculated numerically, followed by a statistical analysis of the Most Disadvantageous 
Incident Angle (MDIA) of the incoming wavefront and the Most Disadvantageous Point (MDP) of the basin. Only 
anti-plane motion (SH waves incidence) is considered in this research.  
2 Basin geometry and numerical model 
In the present study, three symmetrical basins (Fig. 1, 2) with a simple configuration and shear-wave velocity profile 
are developed. The bottom width L (L=150m) and depth H (H=30m) are kept constant, but the slope angle α is 
variable: Basin 1: α=30°, Basin 2: α=45°, Basin 3: α=60°. The incident angle θ ranges from 0 to 90. Seven receivers 
are set up along the basin surface. Receivers ①②③④ correspond to the midpoint of the basin edge, point C, quarter 
point and the midpoint of the base respectively. Receivers ⑤⑥⑦ are located at the symmetric positions of ③②① 
respectively. The mechanical parameters of bedrock and deposit are also kept constant (Table 1). The fundamental 
frequency of the equivalent flat layer is 1.5 Hz based on the estimation formula for one-dimensional (1D) vertical 
resonance of anti-plane ground motion in a layer fh= Vs/4H (H- depth of layer, Vs- shear wave velocity) (Haskell 
1960). The impedance ratio between the sediment and the underlying bedrock I is 6.35 (I= (𝜌1𝑉𝑠1)/(𝜌2𝑉𝑠2), where  
denote mass density, and subscripts 1 and 2 represent bedrock and soil respectively). Site classification is Class E 
according to the seismic site classification specified in the International Building Code (IBC 2012). The impedance 
contrast is not very common from an engineering perspective since it corresponds to a poorly consolidated sediment 
overlying directly on bedrock, but the underpinning factors governing the basin ground motion will manifest itself 
significantly under high contrast case (Hong and Hemberger 1978; Bard and Bouchon 1980, 1985).  
 Fig. 1 Schematic basin model 
Table 1 Geotechnical parameters 
Layer /(kg/m3) Vs/(m/s) H/(m) 
Soil 1800 175 30 
Bedrock 2000 1000   
 
Fig. 2 Dimensions of Basin 1, 2 and 3 
The code used in this study was originally developed by Joyner (1975) for calculating the nonlinear seismic 
response of 2D configurations of horizontal soil layers resting on a semi-infinite elastic medium representing 
bedrock. The computations are performed by an explicit finite-difference scheme that proceeds step by step in space 
and time. Excitations are shear waves with different incident angles in the underlying medium. The following 
hyperbolic soil model is implemented to consider the nonlinear, hysteretic and strain-dependent behavior of soil, 
                                                                        
𝐺
𝐺𝑚𝑎𝑥
=
𝑚𝑎𝑥
𝑚𝑎𝑥+𝐺𝑚𝑎𝑥.𝛾
                                                                        (1)     
where G- secant shear modulus, 𝐺 = 𝜏/𝛾; - shear stress; -  shear strain; max - shear strength of the soil, assigned a 
value 73.9 kPa according to an empirical model (Boore et al. 1994); Gmax - elastic shear modulus at small shear strain, 
𝐺𝑚𝑎𝑥  = 𝑣𝑠
2. Fig. 3 shows the reduction of G/Gmax with increasing shear strain for the selected model together with 
models C1-C5 from Sun et al. (1988). Fig. 4 displays the variation of damping ratio with shear strain together with 
the upper and lower bounds proposed by Seed and Idriss (1970).Viscous dashpots are placed at the two vertical 
boundaries of the model at a distance of 180m from the basin edge and also at the horizontal boundary at a distance 
of 78m below the ground surface to allow energy radiation. 
Fig. 3 Modulus vs. shear strain of basin soil 
 
Fig. 4 Damping ratio vs. shear strain of basin soil 
 
     Minor modifications have been carried out by Marsh et al. (1995), including the partitioning of the general 
solution into two independent solution spaces (In-plane and out-of-plane), as well as improvement to the seismic 
input. All the modifications to the original code had been tested in details and proved to be more efficient by Marsh 
(1992) as well as by one of the authors (Zhang and Zhao 2008), and hence the modified version is employed in this 
research. Additional attention is paid to the discretization of the model. The nodal spacing ∆𝑙 = 𝑣𝑠   /(10. 𝑓𝑚𝑎𝑥)  
(𝑓𝑚𝑎𝑥 - maximum input frequency) (Kuhlemeyer and Lysmer 1973) is chose to simulate wave propagation both 
efficiently and accurately. Maximum cut-off frequency is 10 Hz under which results are considered reliable. 
Accordingly, the time step ∆𝑡 ≤ ∆𝑙/√2𝑣𝑠  (Alterman and Lowenthal 1970) guarantees the convergence of the results. 
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3 Ricker-wavelet-based detailed analysis 
3.1 Incident Ricker wavelets 
Ricker pulse is a narrow band signal. With this kind of input motion, the predominant characteristics of the seismic 
response of a basin can be clearly identified without numerical difficulties or confusions. The selection of the simple 
input, like Ricker wavelet, is usually an effective way of clearly pinpointing the causes and effects of a complex 
engineering problem, as adopted by Bard and Bouchon (1980, 1985) for elastic analysis, Gelagoti et al. (2010, 2012) 
for equivalent elastic analysis, as well as Gelis and Bonilla (2012) for non-linear analysis. Therefore, Ricker wavelets 
are utilized in the first part of this study. Ricker wavelet is defined as 
                                                   𝑓(𝑡) = −
𝜋
2
(𝑎 − 0.5)𝑒−𝑎, with 𝑎 = |𝜋(𝑡 − 𝑡𝑠)𝑓𝑝|
2
                                                   (2) 
In which  𝑡𝑠 is the time of peak amplitude, and 𝑓𝑝is the central or predominant frequency. The frequency range of a 
Ricker wavelet is between 0 and 3𝑓𝑝. Both 𝑡𝑠 and 𝑓𝑝 are variables in this study. The normalised Ricker pulse (𝑡𝑠 =
0.7, 𝑓𝑝 = 2𝐻𝑧) and its Fourier Amplitude are displayed in Figs. 5a and b respectively.  
 
Fig.5 Ricker wavelet. a Time history of Ricker pulse (𝑡𝑠 = 0.7s, 𝑓𝑝 = 2𝐻𝑧, PGA=1.0g), b Corresponding Fourier Amplitude Spectrum 
3.2 Effect of incident angle on PGA 
Vertical incidence has been widely considered in studies on seismic response. Thus, in this research, the results of 
vertical incidence are considered as a reference to make a quantitative comparison with the results of corresponding 
oblique incidence. In this way, a dimensionless coefficient Ci(θ) can be defined, which is the ratio of the PGA for the 
oblique incidence (θ0) and that for the vertical incidence(θ=0):  
                                                                                        𝐶𝑖(𝜃) =
𝐴𝑖(𝜃)
𝐴𝑖(0)
                                                                           (3) 
where i refers to the receivers, i = 1, 2, 3, … 7. 
Table 2 shows the variation of Ci(θ) with the incident angles for all receivers of Basin 2 subjected to Ricker 
wavelets with fp of 1.5 Hz, 4.0 Hz and 6.5 Hz. The dataset in Table 2 is also presented in a different format in Fig. 6.  
In Table 2 and Fig. 6, Ci(θ) greater than 1 indicates that the PGA for oblique incidence can be greater than that for 
vertical incidence. The remarkable effect of incident angle on the Ci(θ) can be observed in Fig. 6. In general, with the 
increase in incident angle, Ci(θ) increases firstly and then decreases gradually to a steady value. In this research, the 
incident angle corresponding to the maximum Ci(θ) is defined as the Most Disadvantageous Incident Angle (MDIA). 
MDIAs change with receivers and excitations. However, based on Table 2, the MDIAs for all the receivers across the 
basin surface are in the range of 0° to 30°.  
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Table 2 Dimensionless coefficient Ci(θ) of Basin 2 subjected to Ricker pulse (PGA= 0.25g) 
fp Point 
                                                                                       Incident angle 
0° 5° 10° 15° 20° 25° 30° 35° 40° 45° 50° 55° 60° 65° 70° 80° 90° 
1.5 Hz 
① 1 0.84 0.82 0.87 0.77 0.78 0.72 0.69 0.64 0.60 0.57 0.53 0.49 0.45 0.42 0.37 0.36 
② 1 1.23 1.27 1.13 1.03 0.92 0.86 0.80 0.76 0.76 0.71 0.57 0.52 0.50 0.46 0.45 0.43 
③ 1 1.38 1.22 1.15 1.05 1.03 1.15 1.07 0.88 0.86 0.81 0.72 0.68 0.61 0.54 0.50 0.48 
④ 1 1.64 1.43 1.32 1.34 1.13 1.14 1.05 1.08 1.04 0.84 0.79 0.68 0.66 0.62 0.55 0.52 
⑤ 1 1.59 1.69 1.64 1.41 1.36 1.30 1.15 1.23 1.07 0.94 0.86 0.82 0.77 0.69 0.62 0.59 
⑥ 1 1.26 1.27 1.31 1.33 1.46 1.32 1.26 1.05 1.22 1.16 0.80 0.84 0.81 0.73 0.60 0.55 
⑦ 1 0.83 0.85 0.90 0.98 0.99 1.12 1.03 1.10 1.06 0.99 0.84 0.76 0.74 0.62 0.58 0.62 
4.0 Hz 
① 1 1.07 1.22 1.03 0.90 0.77 0.58 0.46 0.35 0.27 0.25 0.22 0.14 0.12 0.12 0.11 0.11 
② 1 1.44 1.58 1.60 1.50 1.19 1.03 0.70 0.54 0.46 0.39 0.34 0.23 0.18 0.17 0.16 0.15 
③ 1 0.78 0.86 1.20 0.92 0.78 0.81 0.57 0.42 0.28 0.22 0.22 0.17 0.14 0.13 0.12 0.12 
④ 1 0.99 0.98 0.90 1.01 0.96 0.78 0.57 0.53 0.33 0.23 0.21 0.18 0.16 0.16 0.14 0.14 
⑤ 1 0.92 1.07 1.11 1.03 0.95 0.84 0.76 0.53 0.34 0.27 0.27 0.23 0.18 0.16 0.15 0.15 
⑥ 1 0.94 0.99 1.30 1.46 1.36 1.03 0.92 0.75 0.66 0.61 0.49 0.33 0.20 0.18 0.17 0.16 
⑦ 1 0.82 0.79 0.83 0.79 0.68 0.62 0.52 0.50 0.38 0.32 0.20 0.16 0.12 0.11 0.12 0.12 
6.5 Hz 
① 1 0.94 1.13 1.09 0.98 0.73 0.49 0.31 0.20 0.22 0.19 0.14 0.10 0.10 0.09 0.09 0.08 
② 1 1.02 1.04 1.01 0.93 0.67 0.64 0.37 0.27 0.22 0.19 0.15 0.13 0.12 0.12 0.11 0.10 
③ 1 0.93 1.01 1.09 1.06 0.94 0.70 0.43 0.28 0.22 0.19 0.17 0.15 0.14 0.13 0.12 0.12 
④ 1 0.97 0.98 1.26 1.15 0.93 0.65 0.50 0.31 0.24 0.20 0.18 0.16 0.15 0.14 0.13 0.13 
⑤ 1 0.90 0.94 0.95 1.08 1.08 0.82 0.47 0.30 0.24 0.20 0.18 0.17 0.16 0.15 0.14 0.13 
⑥ 1 0.82 0.81 0.87 0.83 0.70 0.59 0.40 0.20 0.21 0.22 0.20 0.15 0.10 0.07 0.06 0.06 
⑦ 1 0.94 0.83 0.91 0.76 0.59 0.33 0.32 0.21 0.19 0.15 0.10 0.07 0.05 0.07 0.06 0.06 
 
 
 
(a) fp = 1.5 Hz 
(b) fp = 4.0 Hz 
  
 
Fig. 6 Dimensionless coefficient Ci(θ) corresponding to the dataset in Table 2. a fp= 1.5 Hz, b fp= 4.0 Hz, c fp= 6.5 Hz. Optimal perspective entails 
different view angles. 
From the above analysis, it is known that each receiver has a certain MDIA, and the MDIA may not be 0° (namely 
vertically incident). Thus, the amplitude of ground motion may be underestimated if only vertical incidence is 
considered, and this can reduce if not exhaust the safety reserve of a building or infrastructure. Due attention should 
hence be paid to the influence of incident angle in seismic safety assessment practice. 
Fig. 6 also shows that the Ci(θ) remains almost constant once the incident angle exceeds a certain value. For the 
selected examples, the thresholds are about 80°, 65°and 55° for cases in Figs. 6a, b and c respectively. It is evident 
that this value decreases with the increase in the predominant frequency of incoming waves. In other words, the 
higher the incident frequency, the narrower the range of incident angles that have an influence on PGA. 
      Fig. 7 illustrates the acceleration amplification of Basin 2 to Ricker wavelets (fp=6.5 Hz) with PGAs of 0.25g, 
0.5g and 1.0g respectively. A decline is observed in the amplitude with the increase in PGA, which implies that the 
basin has undergone a nonlinear seismic response under strong excitations, and nonlinearity plays an obviously 
beneficial role in this case. 
 
Fig. 7 Acceleration amplifications of Basin 2 to Ricker wavelets (fp=6.5 Hz) with different PGAs of 0.25g, 0.5g, 1.0g respectively 
Fig. 8 presents the absolute PGA values of receiver ① and ② on Basin 2 to Ricker wavelets with fp of 1.5 Hz, 4.0 
Hz and 6.5 Hz respectively. The MDIAs of both receivers for fp=1.5 Hz are 0°, but for fp=4.0 and 6.5 Hz, they are not 
0° but all in the range of 5° to 15°. All of these are within the range mentioned above based on the dimensionless 
coefficient Ci(θ). Besides, the effect of predominant frequency on PGA is complicated when the incident angle is 
small (< 35 °). While the incident angle is large (> 35 °), a remarkable downward trend in PGA is observed with the 
increase in incidence frequencies. That is, the basin response intensified under seismic waves with relatively low-
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(c) fp = 6.5 Hz 
  
predominant-frequency when the incident angle is large (> 35 °), which may be ascribed to the fact that this low 
frequency is close to the fundamental frequency of the basin (approximately 1.5 Hz). However, this interpretation is 
untenable for incident angles less than 35 °, for which a compelling explanation cannot be given in the current 
research. 
 
 
(a) Receiver ① 
 
(b) Receiver ②  
Fig. 8 Absolute value of PGA vs. incident angle for Basin 2 subjected to Ricker wavelets (PGA=0.5g) with fp=1.5 Hz, 4.0 Hz and 6.5 Hz. a 
Receiver ①, and b Receiver ②. 
3.3 Effect of incident angle on Spectral Response Acceleration 
To study the impact of incident angle on spectral response acceleration (SRA), Basin 1 is excited by Ricker pulse 
(fp=4.0 Hz, PGA= 0.5g) with different incident angles. Peak values of SRA (5% critical damping) are shown in Table 
3 which indicates that the incident angle affects the SRA’s peak value as well. The value of SRA reaches the 
maximum in the range of 0 to 20°, followed by a gradual decline to a constant value. This trend is similar to the 
variation of Ci(θ) with the increase in incident angle.  
Table 3 Peaks of SRA for all receivers across Basin 1 subjected to Ricker pulse (fp=4.0 Hz, PGA= 0.5g) with different incident angles 
Spectrum  
Incident angle  
0° 5° 10° 15° 20° 25° 30° 35° 45° 60° 80° 90° 
 
Point 
① 1.4 1.6 1.69 1.66 1.55 1.38 1.11 0.8 0.59 0.58 0.5 0.47 
② 0.82 0.84 1.03 1.07 1.06 0.99 0.94 0.84 0.63 0.5 0.51 0.51 
③ 0.91 0.81 0.89 1.02 1.01 0.96 0.92 0.82 0.57 0.48 0.55 0.55 
④ 0.94 0.85 0.88 0.95 0.96 0.9 0.81 0.75 0.5 0.45 0.51 0.52 
⑤ 0.91 0.93 0.86 0.93 0.96 0.94 0.82 0.71 0.59 0.43 0.54 0.57 
⑥ 0.82 0.92 0.9 0.87 0.87 0.87 0.84 0.78 0.71 0.51 0.48 0.48 
⑦ 1.4 1.25 1.25 1.3 1.32 1.26 1.14 0.93 0.55 0.52 0.55 0.53 
 
Fig. 9 illustrates the SRAs of receivers across Basin 1 to Ricker incidence (fp=4.0 Hz, PGA= 0.5g). The following 
features are evident:  
(a) The variation of SRA is rather complicated for incident angle <25, while for >25, the values of SRAs at all 
receivers decrease in general with the increase in incident angle for all the periods considered, and the relatively long-
period components are suppressed more severely than short-period ones.  
(b) The dominant period of SRA does not change significantly (around 0.3s for Basin 1) with location and incident 
angle, which suggests that the dominant period of SRA is insensitive to the location and incident angle.  
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(c) In general, the SRA curves of receiver ① and ⑦ (edge area) present a bimodal pattern, while those of ② ~ ⑥ 
(central area) transform from a unimodal pattern to a bimodal one with the increase in incident angle.  
(d) Incident angle has a greater effect on the value of SRA in short periods (T< 0.4s) (Fig. 10). It is evident that the 
incident angle should be accounted for short-period buildings located on a basin, while, for those with long-period, it 
may be sufficient to consider only the vertical incidence. 
Another interesting point can also be observed from Fig. 9. For vertical incidence (Fig. 9a) and slightly oblique 
incidences (Fig. 9b, c), the SRA values of receivers at the edges (① and ⑦) are greater than these at the central area 
(② ~ ⑥) for short periods (T< 0.4s). In contrast, for long periods (T> 0.4s), it reverses. This implies that the central 
areas are seismically preferable to basin edges for short-period buildings, while, for long-period buildings, basin edge 
areas become favorable relative to central regions. However, with the increase in incident angle (Fig. 9d-f), the 
difference between the two groups- ① ⑦ and ②~⑥ diminishes gradually.   
  
(a) θ = 0° 
 
(b) θ =15° 
 
(c) θ =25° 
 
(d) θ =35° 
 
(e) θ =45° 
 
(f) θ =90° 
Fig. 9 SRAs of Basin 1 subjected to Ricker pulse (fp=4.0 Hz, PGA= 0.5g). a θ =0°(only ①~④ are presented because of symmetry), b θ =15°, c θ 
=25°, d θ =35°, e θ =45° and e θ =90° 
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(a) Receiver ①  
 
(b) Receiver ④
Fig. 10 SRAs for a Receiver ① (basin edge) and b Receiver ④ (basin center), all the other condition is identical to that in Fig. 9 
3.4 Effect of basin slope angle  
The effect of incident angle may be coupled with that of slope angle of a basin. Thus, it is necessary to single out the 
role of slope angle to decouple their effects. For this end, Basin 1 (α=30°) and Basin 3 (α=60°) are excited by 
vertically incident waves. The distributions of PGAs for both basins are shown in Fig. 11, where l is the half-width of 
basin surface, x represents the distance of a given site from the midpoint of the basin (right is the positive direction). 
Fig. 11 reveals the crucial role of slope angle on the distribution pattern of PGAs across the basin surface. 
 
 
                
(a) Basin1 (α =30) 
 
          
(b) Basin3 (α =60) 
Fig. 11 Distribution of PGAs of a Basin 1, b Basin 3 subjected to vertically incident Ricker wavelets (PGA = 0.25g) and Kobe waves 
High incident frequency (fp = 3.5 and 6.5 Hz) 
For sloping-edge basin (Basin 1: α=30°), PGAs at the triangular wedge are much larger than those at the central 
area, and the Most Disadvantageous Point (MDP- the position corresponding to the peak of PGAs distribution curve) 
is located at the basin edges, while for Basin 3, the MDP is in the central area. The distinct PGAs distribution patterns 
for basins with different slope angles can be explained by ray path theory (Fig. 12).  
 
     (a) Sloping-edge basin                                  (b) Steep-edge basin 
Fig. 12 Ray path diagram for wave propagation, a Sloping-edge basin, and b Steep-edge basin 
0
0.3
0.6
0.9
1.2
1.5
1.8
0.04 0.4 4
S
R
A
T/s
0°
5°
10°
15°
20°
25°
30°
35°
45°
60°
0
0.2
0.4
0.6
0.8
1
0.04 0.4 4
S
R
A
T/s
0°
5°
10°
15°
20°
25°
30°
35°
45°
60°
0
1
2
3
4
5
-1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2
N
o
rm
al
is
is
e 
P
G
A
x/l
1.5Hz
3.5Hz
6.5Hz
Kobe
0
1
2
3
4
5
-1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2
N
o
rm
al
is
is
e 
P
G
A
x/l
1.5Hz
3.5Hz
6.5Hz
Kobe
  
By Snell’s law and geometrical analysis, the followings can be given for vertical incidence: 
                                                                                       1 = 𝛼                                                                                    (4) 
                                                                                𝑠𝑖𝑛2 =
𝑣𝑠2
𝑣𝑠1
. 𝑠𝑖𝑛1                                                                         (5) 
                                                                                  3 =

2
+ 2 − 𝛼                                                                           (6) 
When the slope angle of a basin is relatively large (𝛼 > 3) (Fig. 12b), the incident waves across the rising edge 
are reflected by free surface out of the triangular wedge immediately. Thus, in the edge area, there is a bare 
possibility for constructive interference among these waves, and hence no peaks appear in the edge area. This 
phenomenon is observed in Basin 3 (𝛼 > 3 = 49.36 ) (Fig. 11b) of which the MDP is located in the central area of 
the basin surface due to surface wave propagation.      
In contrast, for the small slope angle case (𝛼 < 3) (Fig.12a), the incoming edge-refracted waves will hit the rising 
edge again after free-surface reflection and can be reflected multiple times in the wedge before exiting it. 
Subsequently, this trap effect significantly boosts the possibility of constructive interference among these body waves 
in the edge region, enhancing ground motion as a result. Therefore, peaks are expected in the edge areas as observed 
in Basin 1 (𝛼 < 3 = 47.61) (Fig. 11a) where edge trap effect overshadows the surface wave propagation. 
The vertical incidence was discussed above, but for oblique incidence, the 3  decreases with the increase in 
incident angle (Formula (5) and (6)), accounting for the gradual disappearance of the peak in the edge area even for 
basins with sloping edges. 
Low incident frequency (fp=1.5 Hz) 
 For low-frequency incidence (fp=1.5 Hz), MDPs are located at the center for both Basin1 (α=30°) and Basin 3 
(α=60°). This can be attributed to the fact that the incidence wavelength (=116.7m=3.9H) is too long to detect the 
lateral heterogeneity or the basin configuration, resulting in weak or even the absence of 2D effects. 1D vertical wave 
propagation then dominates the ground motion in this circumstance. As a result, MDP emerges at the center of basin 
surface. 
Real earthquake motion has a relatively broadband (0.01~25 Hz) in comparison with Ricker pulse, and basin 
configuration can thus be perceived certainly by some frequency components. Thus, peaks in the edge areas can be 
expected, as illustrated by the Kobe (Kobe earthquake, 1995, Japan) wave incidence (Fig. 11a). 
In summary, given that the dimensions of a basin structure are perceivable to incident waves, the slope angle has a 
considerable impact on the PGA distribution mode. It controls whether or not peak appears in the edge area. The 
MDP is most likely to be in the edge area of sloping-edge basin (𝛼 < 3) subjected to vertical incidence or oblique 
incidence with small incident angles.  
4 Real-earthquake-based statistical analysis 
4.1 Rock-site real seismic motions 
The nonlinear seismic response of the basins to Ricker waves was presented in the first part of this paper. Ricker 
wavelet is a simple wave, not comparable to the complexity of a real earthquake motion. Hence, it is imperative to 
investigate the response of these basins to real earthquake excitations. Moreover, the generation of surface waves 
  
(Love waves for the SH incident case) at basin edges and their subsequent propagation, superposition or even 
constructive interference, focusing effect of body waves, as well as the interference between body waves and surface 
waves, etc. will further complicate the ground motion of a basin. In this context, the random characteristics of 
earthquakes and the complexity of the basin response entail a statistical analysis without paying too much attention to 
details.  
In this part, 100 real seismic motions (Mw=5.6~7.6) recorded on sites with Vs,30 greater than 760 m/s (Appendix A) 
were compiled from the Pacific Earthquake Engineering Research Center Strong Ground Motion Database. These 
records were pre-processed by utilizing a low-pass, Butterworth filter with a 10 Hz cut-off frequency. Then both 
Basin 1 and Basin 3 were excited by these 100 records each of which was input at different angles ranging from 0 to 
90 at intervals of 10. A total of 2000 cases were simulated and finally the MDIA and MDP were determined based 
on a statistical analysis.  
4.2 Most disadvantageous incident angle (MDIA)  
Table 4 and Table 5 show the statistical MDIA results based on PGA for Basin1 and Basin 3 respectively. Both tables 
are visualized in Fig. 13 and Fig.14 accordingly.  
Table 4 MDIA based on PGA for Basin 1 
Percentage 
Monitoring point 
1 2 3 4 5 6 7 
Angle 
0 13 31 36 58 20 23 47 
10 47 30 14 21 19 15 20 
20 23 20 30 8 34 34 21 
30 4 4 1 5 7 16 3 
40 2 5 6 1 8 5 4 
50 4 3 4 4 6 4 2 
60 2 2 2 1 2 2 0 
70 0 1 0 0 2 1 0 
80 1 1 3 0 0 0 0 
90 4 3 4 2 2 0 3 
  Total 100 100 100 100 100 100 100 
Table 5 MDIA based on PGA for Basin 3 
Percentage 
Monitoring point 
1 2 3 4 5 6 7 
Angle 
0 18 20 52 80 11 27 34 
10 41 41 30 15 26 46 33 
20 22 15 10 1 42 23 19 
30 8 15 5 2 3 3 8 
40 0 3 3 0 7 1 3 
50 4 0 0 1 8 0 0 
60 1 2 0 0 2 0 1 
70 0 2 0 0 1 0 2 
80 2 1 0 0 0 0 0 
90 4 1 0 1 0 0 0 
  Total 100 100 100 100 100 100 100 
 
 
Fig. 13 MDIA based on PGA for Basin 1, corresponding to Table 4 
 
 
Fig. 14 MDIA based on PGA for Basin 3, corresponding to Table 5 
 
      For Basin 1, Table 4 and Fig. 13 show that the MDIAs (based on PGA) for different receivers across the basin 
surface are slightly different. However, the MDIAs are most likely to fall in the range of 0° to 20° for all areas, and the 
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confidence levels for the interval [0°, 20°] are 83%, 81%, 80%, 87%, 73%, 72% and 88% for receivers ① ~ ⑦ 
respectively. For Basin 3, similar results are observed, and the confidence level of the interval [0°, 20°] is 81%, 76%, 
92%, 96%, 79%, 96% and 86% respectively. This MDIA range [0°, 20°] is in accordance with the range 
aforementioned in Sect. 3.2. 
Though MDIA based on PGA is of significance to assess the level of ground motion, the MDIA based on SRA at a 
given period T (T0) is of primary interest from an engineering perspective. To this end, statistical MDIA analysis 
based on SRA (T=0.2s) and SRA (T=1.0s) for Basin 1 were also conducted, and the results are illustrated in Fig. 15 
and 16 respectively.  
In Fig. 15, the MDIA range is still within [0, 20] same as that based on PGA. For MDIA based on SRA (T=1.0s) 
(Fig. 16), this range, namely [0, 10], narrows significantly, and vertical incidence (=0) alone accounts for a 
significant percentage for all the receivers, namely 61%, 66%, 70%, 69%, 61%, 40% and 48% for receivers ① ~ ⑦ 
respectively. This indicates that the incident angle has very little effect on relatively long-period structures for which 
vertical incidence may be sufficient, and this is in accordance with the analysis in Sect. 3.3 that the implication of 
incident angle for long periods of SRA is significantly limited and vertical incidence alone may be adequate. 
 
Fig. 15 MDIA based on SRA (T=0.2s) for Basin 1 
 
Fig. 16   MDIA based on SRA (T=1.0s) for Basin 1 
4.3 Most Disadvantageous point (MDP) 
Statistically pinpointing the MDP is meaningful both theoretically and practically. Table 6 and Fig. 17 are the MDP 
results based on PGA for Basin 1, and Table 7 and Fig. 18 are those for Basin 3. 
 
Table 6 MDP based on PGA for Basin 1 
Percentage 
Incident angle 
10 20 30 40 50 60 70 80 90 
Point 
1 66 43 20 15 15 12 13 9 10 
2 7 5 5 10 3 7 8 4 7 
3 4 7 9 12 13 16 6 9 6 
4 9 7 8 9 13 4 7 5 5 
5 8 15 25 16 14 26 28 33 36 
6 2 10 20 28 35 26 32 27 26 
7 4 13 13 10 7 9 6 13 10 
Table 7 MDP based on PGA for Basin 3 
Percentage 
Incident angle 
10 20 30 40 50 60 70 80 90 
Point 
1 8 15 8 8 9 9 5 7 6 
2 16 9 12 8 3 5 7 5 4 
3 6 1 4 3 4 7 3 4 3 
4 29 3 4 7 14 24 43 42 38 
5 27 68 46 33 38 39 31 34 36 
6 10 4 20 31 25 8 2 7 5 
7 4 0 6 10 7 8 9 1 8 
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Fig. 17 MDP based on PGA for Basin 1, corresponding to Table 6 
 
Fig. 18 MDP based on PGA for Basin3, corresponding to Table 7 
Considering that the hypocenter is located at the left of these basins, the MDPs of both Basin 1 (Table 6, Fig.17) 
and Basin 3 (Table 7, Fig.18) are most likely to fall in the right-central area. This is particularly evident for incident 
angles greater than 20. A possible explanation could be due to the generation and propagation of surface waves 
(Love waves in this study). 
For oblique incidence, the incoming wavefront reaches the two rising edges at different times. The incident waves 
will arrive at the left edge first and then at the right edge in this investigation with the epicenter located to the left of 
the basin. This will subsequently cause a time difference as to the initiation of Love waves at both edges: Love waves 
emerge at the left edge earlier than that at the right edge. Then the two trains of Love waves begin to travel across the 
basin in opposite directions and will inevitably meet in the right-central area of the basin (Fig. 19), intensifying 
ground motion in this region. Therefore, the MDPs are most likely to be in the right-central area for oblique 
incidence. 
An intriguing point can be observed from Fig. 17 is that for incident angles of no more than 20, the MDPs of 
Basin 1 (=30) are most likely to be in the edge area. In comparison, this phenomenon cannot be observed from Fig. 
18 (Basin 3: =60). This can be attributed to the influence of slope angle that has been detailed in Sect. 3.4. 
 
Fig. 19 Synthetic seismogram-Spatial and temporal evolution of the surface displacement of trapezoid-shaped basin to SH obliquely incident 
Ricker wavelet (after Bard and Bouchon, 1980) 
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Fig. 20 MDP based on SRA (T=0.2s) for Basin 1 
 
 
Fig. 21 MDP based on SRA (T=1.0s) for Basin 1 
The MDPs of Basin 1 based on SRA (T=0.2s) (Fig. 20) and SRA (T=1.0s) (Fig. 21) were also investigated. The 
MDP results based on SRA (T=0.2s) (Fig. 20) are similar to these based on PGA (Fig. 17). But for results based on 
SRA (T=1.0s) (Fig. 21), MDPs are absent at the edge area even for incident angles less than 20 in comparison with 
these based on PGA and SRA (T=0.2s), which indicates that basin edge areas are seismically favorable for long period 
structures regardless of incident angles. This is consistent with the analysis in Sect. 3.3. 
5 Conclusions 
The aim of this research was to present a complete picture as to the implication of the incident angle on the ground 
motion of a basin. Ricker wavelets, as well as 100 earthquake records, were used as excitations, and the following 
conclusions can be drawn from this study: 
(1) The incident angle of SH waves has a significant impact on the ground motion of a basin. For short-period 
buildings, the MDIA is not necessarily 0° (vertical incidence) but in the range of 0° to 30° approximately. While 
for long period ones, the influence of incident angle is limited and hence vertical-incidence analysis alone can be 
considered adequate. However, in seismic risk assessment, only the vertical incidence is considered, and this may 
underestimate the level of ground motion used as input for structures especially these with high natural 
frequencies. Therefore, the implication of incident angle should be accounted for in these circumstances.   
(2) The dominant period of SRA is insensitive to location and incident angle. 
(3) For short-period buildings, the central areas are seismically preferable to basin edges, while this reverses for long 
period-buildings. However, with the increase in incident angle, the difference between them diminishes 
gradually. 
(4) Given that the dimensions of a basin configuration are perceivable to incoming waves, the slope angle has a 
considerable impact on the PGA distribution pattern. Slope angle controls whether or not peaks appears in the 
edge area. The MDP is most likely to be in the edge area of sloping-edge basin (𝛼 < 3) subjected to vertical 
incidence or oblique incidence with small incident angle.  
Since only SH waves are discussed in this study, all the above conclusions are applicable only for SH incident cases 
and symmetrical basins. The symmetry inevitably contributes to the appearance of peaks in the basin center. The 
influence of the incident angle for P and SV waves and asymmetrical basins or valleys will be investigated in future 
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research. This study revealed the significant effect of incident angle to which due consideration has not been hitherto 
paid in engineering practice. Consequently, this research is meaningful from both theoretical and practical 
perspectives.  
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Appendix  
Appendix A: Input real seismic excitations 
No. Earthquake Name Year Station Name Magnitude Mechanism Rrup (km) Vs30 (m/sec) 
1  "San Fernando" 1971 "Cedar Springs  Allen Ranch" 6.61  Reverse 89.72 813.48 
2  "San Fernando" 1971 "Pasadena - Old Seismo Lab" 6.61  Reverse 21.5 969.07 
3  "Tabas  Iran" 1978 "Tabas" 7.35  Reverse 2.05 766.77 
4  "Coyote Lake" 1979 "Gilroy Array #1" 5.74  Strike slip 10.67 1428.14 
5  "Morgan Hill" 1984 "Gilroy Array #1" 6.19  Strike slip 14.91 1428.14 
6  "Whittier Narrows-01" 1987 "LA - Wonderland Ave" 5.99  Reverse Oblique 27.64 1222.52 
7  "Whittier Narrows-01" 1987 "Pasadena - CIT Kresge Lab" 5.99  Reverse Oblique 18.12 969.07 
8  "Whittier Narrows-01" 1987 "Vasquez Rocks Park" 5.99  Reverse Oblique 50.39 996.43 
9  "Loma Prieta" 1989 "Gilroy Array #1" 6.93  Reverse Oblique 9.64 1428.14 
10  "Loma Prieta" 1989 
"Piedmont Jr High School 
Grounds" 
6.93  Reverse Oblique 73 895.36 
11  "Loma Prieta" 1989 "Point Bonita" 6.93  Reverse Oblique 83.45 1315.92 
12  "Loma Prieta" 1989 "SF - Pacific Heights" 6.93  Reverse Oblique 76.05 1249.86 
13  "Loma Prieta" 1989 "SF - Rincon Hill" 6.93  Reverse Oblique 74.14 873.1 
14  "Loma Prieta" 1989 "So. San Francisco  Sierra Pt." 6.93  Reverse Oblique 63.15 1020.62 
15  "Landers" 1992 "Lucerne" 7.28  Strike slip 2.19 1369 
16  "Northridge-01" 1994 "LA - Wonderland Ave" 6.69  Reverse 20.29 1222.52 
17  "Northridge-01" 1994 "Vasquez Rocks Park" 6.69  Reverse 23.64 996.43 
18  "Kobe  Japan" 1995 "Kobe University" 6.9  Strike slip 0.92 1043 
19  "Kocaeli Turkey" 1999 "Gebze" 7.51  Strike slip 10.92 792 
20  "Kocaeli  Turkey" 1999 "Izmit" 7.51  Strike slip 7.21 811 
21  "Chi-Chi  Taiwan" 1999 "CHY102" 7.62  Reverse Oblique 37.72 804.36 
22  "Chi-Chi  Taiwan" 1999 "HWA002" 7.62  Reverse Oblique 56.93 789.18 
23  "Chi-Chi  Taiwan" 1999 "ILA001" 7.62  Reverse Oblique 103.2 909.09 
24  "Chi-Chi  Taiwan" 1999 "ILA015" 7.62  Reverse Oblique 85.4 782.59 
25  "Chi-Chi  Taiwan" 1999 "ILA063" 7.62  Reverse Oblique 61.06 996.51 
26  "Chi-Chi  Taiwan" 1999 "KAU003" 7.62  Reverse Oblique 114.44 913.77 
27  "Chi-Chi  Taiwan" 1999 "KAU034" 7.62  Reverse Oblique 108.58 1010.4 
28  "Chi-Chi  Taiwan" 1999 "KAU042" 7.62  Reverse Oblique 160.21 806.48 
29  "Chi-Chi  Taiwan" 1999 "KAU051" 7.62  Reverse Oblique 125.17 1004.58 
30  "Chi-Chi  Taiwan" 1999 "TAP046" 7.62  Reverse Oblique 118.34 816.9 
31  "Chi-Chi  Taiwan" 1999 "TAP065" 7.62  Reverse Oblique 122.48 1023.45 
32  "Chi-Chi  Taiwan" 1999 "TAP067" 7.62  Reverse Oblique 97.39 807.68 
33  "Chi-Chi  Taiwan" 1999 "TAP075" 7.62  Reverse Oblique 109.27 856.38 
34  "Chi-Chi  Taiwan" 1999 "TAP077" 7.62  Reverse Oblique 119 1022.77 
  
35  "Chi-Chi  Taiwan" 1999 "TAP086" 7.62  Reverse Oblique 94.16 887.68 
36  "Chi-Chi  Taiwan" 1999 "TCU085" 7.62  Reverse Oblique 58.09 999.66 
37  "Chi-Chi  Taiwan" 1999 "TTN016" 7.62  Reverse Oblique 123.09 826.15 
38  "Chi-Chi  Taiwan" 1999 "TTN042" 7.62  Reverse Oblique 65.25 845.34 
39  "Duzce  Turkey" 1999 "Lamont 1060" 7.14  Strike slip 25.88 782 
40  "Sierra Madre" 1991 "Vasquez Rocks Park" 5.61  Reverse 39.81 996.43 
41  "Chi-Chi  Taiwan-02" 1999 "CHY102" 5.9  Reverse 79.68 804.36 
42  "Chi-Chi  Taiwan-02" 1999 "HWA002" 5.9  Reverse 58.8 789.18 
43  "Chi-Chi  Taiwan-02" 1999 "ILA001" 5.9  Reverse 123.47 909.09 
44  "Chi-Chi  Taiwan-02" 1999 "ILA015" 5.9  Reverse 105.51 782.59 
45  "Chi-Chi  Taiwan-02" 1999 "ILA063" 5.9  Reverse 80.4 996.51 
46  "Chi-Chi  Taiwan-02" 1999 "TAP046" 5.9  Reverse 139.62 816.9 
47  "Chi-Chi  Taiwan-02" 1999 "TAP067" 5.9  Reverse 118.46 807.68 
48  "Chi-Chi  Taiwan-02" 1999 "TAP075" 5.9  Reverse 130.4 856.38 
49  "Chi-Chi  Taiwan-02" 1999 "TAP077" 5.9  Reverse 140.05 1022.77 
50  "Chi-Chi  Taiwan-02" 1999 "TAP086" 5.9  Reverse 115.17 887.68 
51  "Chi-Chi  Taiwan-02" 1999 "TCU085" 5.9  Reverse 78.38 999.66 
52  "Chi-Chi  Taiwan-02" 1999 "TTN042" 5.9  Reverse 98.84 845.34 
53  "Chi-Chi  Taiwan-03" 1999 "CHY102" 6.2  Reverse 60.36 804.36 
54  "Chi-Chi  Taiwan-03" 1999 "HWA002" 6.2  Reverse 66.02 789.18 
55  "Chi-Chi  Taiwan-03" 1999 "TCU085" 6.2  Reverse 103.56 999.66 
56  "Chi-Chi  Taiwan-03" 1999 "TTN042" 6.2  Reverse 93.55 845.34 
57  "Chi-Chi  Taiwan-04" 1999 "CHY102" 6.2  Strike slip 39.32 804.36 
58  "Chi-Chi  Taiwan-04" 1999 "HWA002" 6.2  Strike slip 65.57 789.18 
59  "Chi-Chi  Taiwan-04" 1999 "KAU003" 6.2  Strike slip 116.18 913.77 
60  "Chi-Chi  Taiwan-04" 1999 "TTN042" 6.2  Strike slip 69 845.34 
61  "Chi-Chi  Taiwan-05" 1999 "CHY102" 6.2  Reverse 74.16 804.36 
62  "Chi-Chi  Taiwan-05" 1999 "HWA002" 6.2  Reverse 45.03 789.18 
63  "Chi-Chi  Taiwan-05" 1999 "ILA001" 6.2  Reverse 134.89 909.09 
64  "Chi-Chi  Taiwan-05" 1999 "ILA015" 6.2  Reverse 117.28 782.59 
65  "Chi-Chi  Taiwan-05" 1999 "KAU051" 6.2  Reverse 159.5 1004.58 
66  "Chi-Chi  Taiwan-05" 1999 "TAP067" 6.2  Reverse 131.51 807.68 
67  "Chi-Chi  Taiwan-05" 1999 "TAP075" 6.2  Reverse 142.89 856.38 
68  "Chi-Chi  Taiwan-05" 1999 "TAP077" 6.2  Reverse 152.13 1022.77 
69  "Chi-Chi  Taiwan-05" 1999 "TAP086" 6.2  Reverse 128.2 887.68 
70  "Chi-Chi  Taiwan-05" 1999 "TCU085" 6.2  Reverse 91.83 999.66 
71  "Chi-Chi  Taiwan-05" 1999 "TTN042" 6.2  Reverse 85.17 845.34 
72  "Chi-Chi  Taiwan-06" 1999 "CHY102" 6.3  Reverse 63.26 804.36 
73  "Chi-Chi  Taiwan-06" 1999 "HWA002" 6.3  Reverse 51.83 789.18 
74  "Chi-Chi  Taiwan-06" 1999 "ILA015" 6.3  Reverse 108.89 782.59 
75  "Chi-Chi  Taiwan-06" 1999 "ILA063" 6.3  Reverse 84.47 996.51 
76  "Chi-Chi  Taiwan-06" 1999 "TAP067" 6.3  Reverse 122.51 807.68 
77  "Chi-Chi  Taiwan-06" 1999 "TAP086" 6.3  Reverse 119.25 887.68 
78  "Chi-Chi  Taiwan-06" 1999 "TCU085" 6.3  Reverse 83.43 999.66 
79  "Chi-Chi  Taiwan-06" 1999 "TTN042" 6.3  Reverse 86.38 845.34 
80  "Loma Prieta" 1989 "Los Gatos - Lexington Dam" 6.93  Reverse Oblique 5.02 1070.34 
81  "Hector Mine" 1999 
"LA - Griffith Park 
Observatory" 
7.13  Strike slip 185.92 1015.88 
82  "Tottori  Japan" 2000 "HYG004" 6.61  Strike slip 108.34 834.56 
  
83  "Tottori  Japan" 2000 "HYG007" 6.61  Strike slip 99.64 760.54 
84  "Tottori  Japan" 2000 "OKYH02" 6.61  Strike slip 70.52 1047.01 
85  "Tottori  Japan" 2000 "OKYH07" 6.61  Strike slip 15.23 940.2 
86  "Tottori  Japan" 2000 "SMNH10" 6.61  Strike slip 15.59 967.27 
87  "Parkfield-02  CA" 2004 
"PARKFIELD - TURKEY 
FLAT #1 (0M)" 
6  Strike slip 5.29 906.96 
88  "Niigata  Japan" 2004 "FKSH07" 6.63  Reverse 52.3 828.95 
89  "Niigata  Japan" 2004 "TCGH14" 6.63  Reverse 100.45 849.01 
90  "Niigata  Japan" 2004 "TCGH17" 6.63  Reverse 77.5 1432.75 
91  "Umbria-03  Italy" 1984 "Gubbio" 5.6  Normal 15.72 922 
92  "Molise-02  Italy" 2002 "Sannicandro" 5.7  Strike slip 51.32 865 
93  "Chuetsu-oki  Japan" 2007 "AKTH05" 6.8  Reverse 219.87 829.46 
94  "Chuetsu-oki  Japan" 2007 "FKIH03" 6.8  Reverse 219.75 760.04 
95  "Chuetsu-oki  Japan" 2007 "FKSH07" 6.8  Reverse 79.54 828.95 
96  "Chuetsu-oki  Japan" 2007 "FKSH15" 6.8  Reverse 126.64 803.57 
97  "Chuetsu-oki  Japan" 2007 "GIFH11" 6.8  Reverse 233.19 904.15 
98  "Chuetsu-oki  Japan" 2007 "GIFH16" 6.8  Reverse 170.84 830.77 
99  "Chuetsu-oki  Japan" 2007 "GIFH20" 6.8  Reverse 203.02 809.86 
100  "Chuetsu-oki  Japan" 2007 "GIFH21" 6.8  Reverse 229.49 964.17 
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